1 Type VI secretion systems (T6SSs) are nanomachines widely used by bacteria to compete with rivals.
137
10% of the total population was depolarised, this total population contains both healthy attacker and 138 Ssp6-intoxicated target cells. By considering both viable counts of recovered target cells ( Fig. 1c ) and 139 counting of fluorescently labelled attacker and target cells ( Supplementary Fig. 3 ) following co-cultures 140 under the same conditions used in this experiment, we estimate that target cells represented 141 approximately 20-35% of the total population following co-culture with the wild type. This suggests 142 that Ssp6-mediated intoxication had caused detectable membrane depolarisation in around 1/3 of the 143 target cells at the time of analysis. Finally, we confirmed that a similar pattern of membrane 144 depolarisation was observed when Ssp6 was expressed in E. coli. Upon expression of sp-Ssp6, around 145 half of the cells were depolarised, with the majority retaining gross membrane integrity (Fig. 3b ). As 146 expected, when Sip6 was co-expressed with sp-Ssp6, the number of DiBAC4(3) and PI positive cells 147 was indistinguishable from that in control cells carrying the empty vector. Overall these results indicate 148 that Ssp6 can disrupt the membrane potential of target cells in a mechanism that does not involve the 149 formation of large unspecific pores or gross loss of inner membrane bilayer integrity.
150

Ssp6 forms ion-selective membrane pores in vitro 151
Our observations in vivo, that Ssp6 intoxication can cause depolarisation of target cells without 152 increasing membrane permeability for larger compounds such as PI, suggested that Ssp6 could act 153 though the formation of an ion-selective pore, leading to ion leakage and disruption of membrane 154 potential. To examine potential pore-forming properties of Ssp6, the protein was purified as a fusion 7 with maltose binding protein (MBP) and found to form higher order oligomers ( Supplementary Fig.   156 4a). The MBP-Ssp6 fusion protein retained toxic activity upon expression in E. coli, causing growth 157 inhibition which was similar to Ssp6 alone and reduced by co-expression of Sip6 ( Supplementary Fig.   158 4b).
159
To test the ability of Ssp6 to form pores, the purified MBP-Ssp6 protein was incorporated into artificial 160 membranes, under voltage-clamp conditions in non-symmetrical conditions (210 mM KCl in the trans 161 chamber and 510 mM KCl in the cis chamber). Incorporation of MBP-Ssp6 generated a current, thus 162 revealing that Ssp6 could indeed form ion-conducting channels. We observed that the Ssp6-mediated 163 pore could exist in different opening states ( Supplementary Fig. 5ab ) and that openings and closings of 164 the pore were too rapid to accurately measure gating properties. For this reason, we used noise analysis 165 to determine the ion selectivity. To investigate whether Ssp6 is permeable to cations or anions, we tested 166 if its reversal potential (calculated according to the Nernst equation) of the current/voltage (I/V) 167 relationship in non-symmetrical conditions was shifted towards the equilibrium potential of K + or Cl -.
168
In these conditions, the reversal potential was -26.5 ± 4.4 mV, a value that is very close to the predicted 169 equilibrium potential of potassium (-22.8 mV), indicating that Ssp6 can form a pore that shows a strong 170 preference for cations, although a small contribution of Clcannot be excluded (Fig. 4a ). As controls, 171 we used the purification buffer alone and MBP alone and applied a holding potential of +50 mV. In 172 these conditions, no currents were observed, confirming that pore formation can be attributed to Ssp6 173 ( Supplementary Fig. 5cd ).
174
Given that Ssp6 displays a strong preference for cations, we next examined the relative permeability of 175 K + , Na + and Ca 2+ to establish if Ssp6 has higher selectivity for monovalent or divalent cations. The 176 relative K + /Na + permeability ratio (PK + /PNa + ) was assessed under conditions in which Na + was the 177 permeant ion in the cis chamber and K + was the permeant ion in the trans chamber. In these conditions, 178 the reversal potential was 2.07 ± 0.77 mV, corresponding to PK + /PNa + of 0.93 ± 0.03, indicating that 179 under bi-ionic conditions, Ssp6 has a similar selectivity for Na + and K + (Fig. 4b ). To examine the 180 relative K + /Ca 2+ permeability, we used conditions in which K + was the only permeant ion in the trans 181 chamber and Ca 2+ was the only permeant ion in the cis chamber. In this case, the reversal potential was 182 -2.83 ± 2.08 mV and the relative K + /Ca 2+ permeability ratio (PK + /PCa 2+ ) was 8.80 ± 1.47, highlighting 183 that the pore formed by Ssp6 is more selective for monovalent cations than divalent cations ( Fig. 4c ).
184
Finally, given that extrusion of protons (H + ) out of the bacterial cytoplasm into the periplasmic space 185 contributes to maintenance of a negative membrane potential, we tested whether the Ssp6 pore is 186 permeable to H + . In this experiment, 210 mM potassium acetate pH 4.8 was present in the trans chamber 187 and 210 mM potassium acetate pH 7.2 in the cis chamber. When the holding potential was 0 mV, no 188 current was observed ( Fig. 4d ). In these conditions, the only permeant ions would be H + and the driving 189 force for its movement through the pore would be its chemical gradient. Given that we observed no 190 current at 0 mV, our results indicate that Ssp6 pore is not permeant to H + . 8
Ssp6 intoxication impairs the integrity of the outer membrane
192
In the previous sections we showed that Ssp6-mediated intoxication causes depolarisation of the inner 193 membrane of target cells. However, we also observed that its cognate immunity protein, Sip6, is 194 localised in the outer membrane. Therefore we investigated whether Ssp6 can also damage the outer 195 membrane of target cells. First, we used the membrane-specific stain FM4-64, a lipophilic dye that can 196 stain the outer membrane of Gram-negative bacteria 22, 23 . When cells of E. coli carried an empty vector, 197 or sp-Ssp6 together with Sip6, the typical evenly-distributed fluorescence of FM4-64 outlining the cells 198 was observed. However when sp-Ssp6 was expressed in E. coli, the red signal was not uniform in its 199 distribution, showing a tendency to accumulate in 'spots', often at the cell poles ( Fig. 5a ). This 
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Here we have shown that the anti-bacterial effector Ssp6 is a cation-selective pore-forming toxin.
215
However it does not share sequence identity or predicted structural homology with previously-described 216 T6SS effectors, including those proposed to be pore-forming effectors 12, 13 . In order to determine how 217 widely Ssp6-like effectors occur in other organisms, we used HMMER homology searching to 218 interrogate a database of complete, published bacterial genome sequences. Homologues of Ssp6 were 219 found to be widespread across the family Enterobacteriaceae. We identified 95 homologues in 38 220 different species, with up to three Ssp6-like proteins encoded within the genomes of individual strains. Supplementary Table 3 . In each case, a small open reading frame can be identified immediately 224 downstream of the ssp6-like gene which is predicted to encode the corresponding immunity protein 225 ( Fig. 6 ). Whilst some of these share readily-detectable similarity with Sip6, due to the very small length 226 of the proteins, we did not attempt further analysis of their phylogeny and relatedness. Examining the 9 genetic context of the ssp6-like genes, we observed that this is variable between, and even within, 228 species. In some cases, Ssp6-like effectors are encoded away from any other T6SS genes, as for Ssp6 229 itself. In other cases, Ssp6-like effectors are located within T6SS gene clusters, for example in 230 Enterobacter cloacae EcWSU1, or with so-called 'orphan' Hcp genes, for example in some strains of 231 Klebsiella pneumoniae, supporting their assignment as T6SS-dependent effector proteins ( Fig. 6 , 232 Supplementary Fig. 6 ).
233
Interestingly, our bioinformatics analysis revealed that S. marcescens Db10 possesses a second 234 homologue of Ssp6, SMDB11_0810, encoded elsewhere in the genome together with a homologue of 235 Sip6, SMDB11_0809 ( Fig. 6 , Supplementary Fig. 7a ). Thus, we tested whether these proteins represent 236 a novel T6SS effector-immunity pair. We found that a target strain lacking the putative immunity 237 protein (∆SMDB11_0810-0809) does not display any reduction in recovery when co-cultured with a 238 wild type attacking strain compared with a T6SS-inactive attacker. We also tested a target strain lacking 239 both SMDB11_0809 and Sip6 (∆ssp6∆sip6, ∆SMDB11_0810-0809), but this strain showed no 240 sensitivity to SMDB11_0810, only to Ssp6 ( Supplementary Fig. 7b ). This lack of SMDB11_0810 241 activity is most likely due to a lack of expression, since we did not detect this protein in the total cellular 242 proteome of S. marcescens Db10 grown on solid LB media 16 and have also never detected it in our 243 secretome studies 14, 15 . Therefore we asked whether SMDB11_0810 displays any toxicity when 244 artificially expressed and directed to the periplasm in E. coli. In this context, SMDB11_0810 induces 245 detectable depolarisation in a small fraction of the cells. Whilst modest, this effect was recovered back 246 to the level of the empty vector control by the co-expression of the putative immunity protein, 247 SMDB11_0809 ( Supplementary Fig. 7c ). Expression of SMDB11_0810 also led to an increase NPN 248 uptake and, therefore outer membrane permeability, albeit to a lesser extent than Ssp6. Again, co-249 expression of SMDB11_0809 was able to reverse the impact of SMDB11_0810, suggesting that 250 SMDB11_0810 possesses at least residual anti-bacterial activity and SMDB11_0809 represents a 251 functional cognate immunity protein.
253
Discussion
254
In this study, we have determined the mode of action by which a novel T6SS effector, Ssp6, causes 255 growth inhibition in intoxicated bacterial cells. We have demonstrated that Ssp6 acts by forming cation-256 specific channels, leading to inner membrane depolarisation and thus cell de-energisation, and that Ssp6 257 intoxication can also lead to increased outer membrane permeability. Importantly, Ssp6 is the founding 258 member of a new family of T6SS-delivered, ion-selective pore-forming toxins, which are distinct from 259 previously-described T6SS-effector proteins, including those proposed to form channels or pores.
260
To date, two T6SS-dependent effectors causing membrane depolarisation have been identified, VasX 261 and Tse4 12, 13 . VasX displays some structural homology with pore-forming colicins and was shown to 10 disrupt the membrane potential with simultaneous permeabilisation of the inner membrane 13, 26, 27 .
263
Conversely, Tse4 disrupts the membrane potential without compromising the membrane permeability 264 of intoxicated cells 12 . Thus, VasX is thought to form a large, non-selective pore, which would cause 265 leakage of ions and other cellular contents 13, 27, 28 , whilst Tse4 was suggested to form a cation-selective 266 pore 12 . Whilst we did not detect sequence or predicted structural similarity between Ssp6 and Tse4 or 267 VasX, our data showed that Ssp6 can cause depolarisation of targeted cells without a corresponding 268 increase in permeability of the inner membrane, suggesting that the Ssp6 and Tse4 modes of action may 269 be similar. We speculate that the reason why a small fraction of the cells depolarised by Ssp6 also show 270 an increase in membrane permeability is due to a downstream, secondary effect of being unable to 271 maintain proper membrane or cell wall integrity.
272
Importantly, for the first time, we confirmed the ability of a T6SS effector, Ssp6, to form an ion- physiological conditions, in this study, co-culture assays measuring Ssp6 intoxication were performed 284 on solid LB media containing 170 mM NaCl (with only residual K + , around 3-6 mM). Thus we speculate 285 that the high concentration of Na + outside of the cells, compared with the cytoplasm, will generate a 286 Na + electrochemical gradient that represents the driving force to cause influx of Na + through Ssp6 pores, 287 thereby dissipating the ΔΨ component of the PMF. Since Ssp6 pores were shown to be impermeant to 288 H + , the ΔpH component would not be affected, as also reported for Tse4 12 .
289
Consistent with the ion-selective membrane depolarisation mechanism defined in vitro, intoxication by 290 Ssp6 caused growth inhibition rather than cell lysis in vivo. In contrast, it has been reported that colicins, 291 such as colicin E1 and N, which form a non-specific pore in the membrane of susceptible cells will 292 ultimately cause lysis 34-36 . Nevertheless, depolarisation alone results in ATP depletion and general 293 disruption of normal cell functions, such as Sec-and Tat-dependent protein export or solute and nutrient 294 transport 29, 37-41 . Thus we hypothesize that whilst formation of non-selective pores allowing passage of 295 large molecules could cause a more drastic leakage of cell contents and typically lead to lysis of 296 intoxicated cells, formation of a cation-selective pore, such as Ssp6, has less drastic effects which are 297 nevertheless sufficient to cause growth inhibition.
11
In general, pore-forming toxins (PFTs) can be classified into two large groups, α-PFTs and β-PFTs, 299 based on whether their membrane spanning domain is composed of α-helices or β-barrels 42-44 . Whilst 300 structural information will be required to fully understand the arrangement and mechanism of Ssp6 301 pores, secondary structure predictions indicate substantial α-helical content and thus likely an α-PFT 302 classification. β-PFTs oligomerise at the membrane surface, forming an intermediate pre-pore which 303 will then insert into the membrane upon reaching a threshold size 45, 46 . For α-PFTs, membrane insertion 304 and oligomerisation are concomitant processes that can lead to formation of partially-assembled but 305 active pores or complete pores 47, 48 . In both cases, oligomerisation and insertion in the membrane is 306 observed when a critical concentration of monomers is reached 42 . In contrast with immunity proteins 307 for colicin PFTs, which have been reported to be localised in the inner membrane 49, 50 
320
This is likely to be an underestimate since our HHMER analysis was performed using only complete, 321 published genome sequences, whereas initial analysis identified further homologues in, for example, 322 clinical isolates of E. coli whose genomes were not fully sequenced. Ssp6-like effectors, like many anti- 
347
In conclusion, this study has revealed that Ssp6 is the founder member of a new family of T6SS- 
382
University of Dundee, 1:6,000) and HRP-conjugated anti-mouse secondary (1:10,000; Bio-Rad).
383
Co-culture assays for T6SS-mediated antibacterial activity 384 T6SS-mediated anti-bacterial activity of strains of S. marcescens Db10 was measured as described 51, 53 .
385
In brief, attacker and target strains were normalised to OD600 0.5, mixed at a 1:1 ratio and co-cultured 
479
Post-acquisition, images were deconvolved using softWoRx and stored and processed using OMERO 
488
To quantify the relative number of attacker and target cells following co-culture under the conditions 489 used for membrane potential and permeability staining (co-culture of attacker and target strains on solid 490 LB media for 4 h at a starting ratio of 1:1, Fig. 3a ), cells were recovered at the end of the co-culture,
491
resuspended in LB and imaged as described above. Between 1450 and 1600 total cells (mixed target 492 and attackers) per replicate for each condition were counted.
493
In the case of FM4-64 staining, imaging was performed using a CoolSnap HQ2 camera (Photometrics), 
535
The mean data obtained from multiple replicates were subsequently plotted as a function of voltage.
536
Predicted reversal potentials were calculated using the Nernst equation.
537
The relative permeability ratio when comparing relative permeability of monovalent cations was 
540
Where R is the ideal gas constant (8.314 J mol -1 ), T is the temperature expressed in kelvin, F is the 541 Faraday constant (9.6485 x 10 4 C mol -1 ) and Erev is the reversal potential, which was taken to be the 542 holding potential at which transmembrane current fluctuations were at a minimum.
543
The relative monovalent to divalent cations permeability ratio was calculated using the Fatt-Ginsborg and details of the bacterial genome sequences can be found in Supplementary Figure 6 and Supplementary Table 3 .
